The welded unreinforced flange-welded web (WUF-W) moment connection is an all-welded moment connection, which is one of the prequalified connections for the special moment frame (SMF) specified in AISC 358-10. However, previous experimental studies reported that WUF-W connections with a beam depth of 890 mm failed as a result of brittle beam flange fracture and did not satisfy the requirement for the SMF connection specified in AISC 341-10. In this study, a finite element analysis (FEA) was conducted to investigate the cause of the brittle failure in the WUF-W connection. This study observed that the brittle failure occurred in WUF-W connections was mainly attributed to the access hole geometry. This study proposed the improved access hole geometry to prevent brittle failure from WUF-W connections. To verify the analysis results, this study conducted an experimental test using one WUF-W connection specimen with an improved access hole geometry.
INTRODUCTION
In the 1994 Northridge earthquake, many steel moment frames were found to be severely damaged due to unexpected brittle failures at the welded beam-to-column flange joints (Youssef et al. 1995) . To tackle this problem, a number of studies have been conducted (Malley 1998) to propose new moment connections (SAC Joint Venture 2000 , Roeder 2002 , Plumier 1990 ). In Table 2 . 1 of AISC 358-10 (2010) , seven prequalified moment connections for special moment frames (SMF) are specified.
AISC 358-10 includes the welded unreinforced flange-welded web (WUF-W) moment connection as a prequalified SMF connection, which is an all-welded moment connection. Prequalification of the WUF-W moment connection is based on the results of experimental researches from two research groups (Ricles et al. 2002; Lee et al. 2005a Lee et al. , 2005b . Most tested specimens had excellent connection performance, and satisfied the drift capacity (≥4%) for SMF connections specified by AISC 341-10 (2010) . Analytical research (Lu et al. 2000 , Mao et al. 2001 , El-Tawil et al. 1998 ) was also conducted for WUF-W connections. This showed that the geometry of the access hole strongly affected the stress distribution in the beam flange of WUF-W connections and their failure pattern. Han et al. (2014) reported that WUF-W connection specimens with a beam depth of 890 mm did not have the satisfactory performance required for SMF connections even though the connections were designed and detailed according to AISC 358-10 and a) Hanyang University, Seoul 133-791, Korea Earthquake Spectra, Volume 32, No. 2, pages 909-926, May 2016; © 2016, Earthquake Engineering Research Institute 341-10. Such an unexpected performance has not been reported by previous researchers for code-complied WUF-W connections with a beam depth not less than 890 mm. The major difference between the specimens tested by Han et al. (2014) and Ricles et al. (2002) was the geometry of the weld access hole. Ricles et al. (2002) used the access hole geometry in their specimens through finite element analysis (FEA) that minimized the plastic strain at the toe of the access hole region, whereas Han et al. (2014) used the access hole geometry based on configuration parameters within the ranges specified in AISC 341-10.
In this study, FEA was conducted to investigate the cause of the brittle fracture in the WUF-W connection tested by Han et al. (2014) . A parametric study was also conducted using FEA for six WUF-W connections with different access hole geometries. From the results of FEA, an access hole geometry was proposed, which resulted in the least plastic strain near the access hole region. To verify the performance of the WUF-W connection with the proposed weld access hole, this study conducted experimental tests.
DETAILS OF WUF-W MOMENT CONNECTIONS
After the 1994 Northridge earthquake, most new SMF moment connections were developed mainly based on two major strategies: (1) weakening the beam (reduced beam section moment connections), and (2) strengthening the connection (bolted end plate and flange plate moment connections; SAC Joint Venture 2000). Through the application of these two strategies to the moment connection, the plastic hinge moves away from the face of the column that is suspected as the location of the brittle fracture.
The WUF-W moment connection was one of the newly developed SMF connections. However, WUF-W connections were not developed based on two strategies mentioned above. In the WUF-W moment connection, the plastic hinge is not moved away from the face of the column. Instead, the WUF-W moment connection adopts design and detailing features intended to permit the connection to achieve the SMF performance criteria without brittle fracture (Lee et al. 2005b) . Figure 1a illustrates the WUF-W connection, in which the detail and welding requirements for the WUF-W connection specified in AISC 358-10 are denoted. Weld access hole geometry should conform to the requirements of AWS D1.8/ D1.8M (2009). A single plate shear connection is provided with a thickness equal to at least that of the beam web, which is welded to the column flange. The plate is welded to the beam web with a fillet weld (Figure 1b) . Han et al. (2014) conducted experimental tests using four WUF-W connection specimens, which satisfied the design and detail requirements specified in AISC 358-10 and AISC 341-10. The columns and beams of all the specimens were made of SS 400 (F y ¼ 235 MPa) and SM 490 (F y ¼ 325 MPa) steels, respectively. The specimens also satisfied proportioning requirements: (1) the clear span-to-depth (l∕d) ratio should exceed a limiting value (¼7) for SMF (Section 5.3.1 of AISC 358-10), and (2) the column-beam moment ratio (
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should be greater than 1 (Section E3.4a of AISC 341-10). The notchtough welding metals and welding procedure used for the specimens satisfied the 910 S. W. HAN, J. JUNG, AND S. J. HA requirements specified in Section J6 of AISC 341-10 and chapter 3 of AISC 358-10. A more detailed description of the fabrication of the specimens can be found in Han et al. (2014) . Figure 1a shows the details of specimen D900-S with a beam depth of 890 mm. Test setting and loading histories are shown in Figures 2 and 3 , respectively.
Specimen D900-S experienced an unexpected brittle beam flange fracture near the access hole during the first positive cycle at a drift ratio of 4%. This specimen did not complete two cycles at a drift ratio of 4% that are required for qualifying SMF connections according to AISC 341-10. However, WUF-W specimens tested by Ricles et al. (2002) , which had a similar beam size (¼900 mm) and connection details, satisfied the requirements for SMF connections. The main difference between the specimens tested by these two studies was the weld access hole geometry, particularly the slope of the access hole; the access hole slopes for specimens D900-S and the specimens tested by Ricles et al. (2002) were 21°and 13°, respectively. It is noted that the materials (SS400 and SM490 for beams and columns) used in specimen D900-S satisfied four requirements for the application of structural materials specified in Commentary A.3 of AISC 341-10. The access holes used by Han et al. (2014) were determined within the ranges of the configuration parameters specified in AISC-358-10 (see Figure 1c) . To investigate the effect of the access hole geometry on the stress and strain distributions in the WUF-W connection, this study conducted three-dimensional nonlinear finite element analysis (FEA). 
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FINITE ELEMENT ANALYSIS
To construct a three dimensional finite element (FE) model and to conduct an analysis, commercial software ABAQUS 6.10. 1 (2010) , in particular, ABAQUS/CAE and ABAQUS/ Standard, was used for modeling and analysis, respectively. The finite element model for the connection is shown in Figure 2b . In the FE model, the locations of the supports, lateral bracing and loading history were the same as those used in the experimental test (2014). Displacement controlled cyclic loading was applied at the end of the beam, located 3.4 m from the column centerline. The loading sequence followed the SAC loading protocol (Krawinkler et al. 2000) , as shown in Figure 3 .
The results of the FE analysis depend on the size and type of meshes. The threedimensinal FE model of an eight node brick element can be used. In ABAQUS (2010), three different brick elements are provided: the regular brick element (C3D8), the brick element with an incompatible deformation mode (C3D8I), and the brick element with reduced integration (C3D8R). Among those brick elements, element C3D8R is the most efficient in terms of computation and storage space because in this element, the reduced integration procedure is used. With an adequate mesh size, FE analysis with C3D8R can produce accurate results (Lu et al. 2000) . In this study, the beam and column flanges were divided into four meshes throughout the thickness to obtain accurate analysis results. This study also conducted FEA after dividing the beam and column flanges into six meshes throughout the thickness, but the change in analysis results was negligible.
The material properties for FE models were obtained from the coupon test results conducted by Han et al. (2014) . Figure 4 shows the stress strain (σ-ε) curve, and Table 1 summarizes the test results. The true stress and strain were obtained by modifying the stress-strain curve ( Figure 4 ) using Equations 1 and 2, which are required for FE modeling in ABAQUS software. The true stress (σ true ) is defined by the stress measured using the true sectional area of the deformed specimen; true strain (ε pl ) is the plastic strain, which is obtained by subtracting the elastic strain from the measured total strain. E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 1 ; 6 2 ; 3 5 8
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 2 ; 6 2 ; 3 2 8
where E is the elastic modulus (205 GPa). A Poisson ratio of 0.3 was assumed for the FEA.
To account for the strain hardening characteristic of the steel material during cyclic tests, this study calibrated the stress-strain relationship obtained from monotonic material tests 
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based on the results of cyclic material tests conducted by Kaufmann et al. (2001) with similar steel materials (A36 and A572 Grade 50 steels) as those (SS400 and SM 490) used in Han et al. (2014) . The specified minimum yield strengths (F y ) of A36 and A572 Grade 50 steels, and SS400 and SM 490 steels are 250 MPa and 345 MPa, and 240 MPa and 330 MPa, respectively. In the FE model, the plastic range of the material was idealized by combining isotropic and kinematic hardenings.
VERIFICATION OF FE MODELING
To verify the accuracy of the FE model used in this study, the test results of specimen D700-S and D900-S were simulated using the FEA, which had beam depths of 680mm and 890 mm, respectively. Note that specimen D900-S failed due to brittle beam flange fracture near the access hole, whereas specimen D700-S did not fail until the end of the experiment. In Figure 5 , the hysteretic curves of specimens D700-S and D900-S obtained from FEA were plotted with those obtained from experiments. The hysteretic curves represent the relationship between the forces applied at the beam end and the drift ratios. As shown in Figure 5 , the hysteretic curve obtained from the FEA matched the actual hysteretic curve with good accuracy. Table 2 summarizes the initial stiffness and maximum strength extracted from the hysteretic curves. The errors in the initial stiffness and maximum strength obtained from the FEA were 2% and 13%, respectively. Figure 6 shows the deformed WUF-W connections at a drift ratio of 4%. In this figure, the distribution of von Mises stresses was plotted in the deformed connections. As seen in Figure 6 , FEA can predict the shape and location of buckling and the area of yielding with good accuracy. During the experiment, the area of yielding was detected by visual inspection of the region where the whitewash fell off.
FEA FOR WUF-W CONNECTIONS WITH DIFFERENT ACCESS HOLE GEOMETRIES
As discussed in previous experimental research, the access hole geometry affects the performance of WUF-W connections. Mao et al. (2001) reported that the access hole geometry strongly affected the stress distribution in the beam flanges and the failure pattern. In this study, FEA was conducted to evaluate the inelastic performance of the WUF-W connection according to access hole geometries determined within the ranges of the configuration parameters permitted in AISC 358-10. The WUF-W connections used in this analytical study were identical to specimen D900-S except for the access hole geometry. This study considered the slope and the overall length of the access hole (Figure 7) as the two major configuration parameters. Two values of the access hole slope were considered, which were 13° (Ricles et al. 2002) and 21° (Han et al. 2014 ). The total lengths of 56 mm, 74 mm, and 111 mm were considered. Thus, this study considered six WUF-W connections with different access hole geometries. Note that all six different geometries of the access hole satisfied the requirements specified in AISC 358-10. 
where S p ij is the deviatoric stress components (S p ij ¼ σ ij þ σ m δ ij ), σ ij is the Cauchy stress components, and i and j represent the global coordinates (i ¼ 1, 2, 3 and j ¼ 1, 2, 3), σ m is the hydrostatic stress, and δ ij is the value of Kronecker delta.
As shown in Figure 8 , the maximum stress was detected approximately at 90 mm from the column face irrespective of the total length of the access hole and the location of the access hole toe, which is the location of the local buckling in the beam flange. Specimens D900-SP13-L56 and D900-SP13-L74 had a total access hole length of 56 and 74 mm, respectively, and both specimens had an access hole slope of 13°, where "SP" and "L" stand for the access hole slope and total access hole length, respectively ( Figure 7 ). As shown in Figure 7a and 7b, the locations of the access hole toe of D900-SP13-L56 and D900-SP13-L74 were located at 0 mm and 18 mm from the column face, respectively. Those locations were not close to the location of the maximum stress (¼90 mm from the column face), which are shown in Figure 8a and 8b. However, in specimen D900-SP13-L111, the location of the access hole toe (¼54 mm from the column face) was close to the location of maximum stress (Figure 8c ). This resulted in a sharp increase in Figure 6 . Specimens (a) D700-S and (b) D900-S at the first loading cycle at 4% drift ratio. the level of the maximum stress. The level of the maximum stress in D900-SP13-L111 was much higher than that of D900-SP13-L56 and D900-SP13-L74. In Figure 8 , the darker area indicates the portion with greater stress. Such stress may increase the potential of a beam flange fracture near the access hole. 
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To investigate the effect on the slope of the access hole on stress distribution near access hole, Figure 9 was plotted, which shows the stress distributions in specimens D900-SP13-L74 and D900-SP21-L74. Even though the slopes of the access holes in these specimens were different (13°and 21°), the total access hole length was the same (¼74 mm; Figure 7b and 7d). Figure 9 shows the distribution of the von Mises stress in the beam flange of these two specimens at a drift ratio of 3%. In specimen D900-SP13-L74, the maximum x-and y-directional stresses were detected in the beam flange near the access hole toe and in the beam web along the perimeter of the access hole, respectively. The peak von Mises stress, which is the combined stress of the x-and y-directional stresses, was detected in the beam web along the access hole perimeter (Figure 9 ). However, in specimen D900-SP21-L74, which had an access hole slope of 21°, the maximum values of the x-and y-directional stresses and von Mises stresses were detected at the same location in the beam flange at the access hole toe. This indicates that with an increase in the access hole slope, the location of the maximum stresses moves from the access hole perimeter to the access hole toe, resulting in the greater potential of a brittle beam flange fracture at the access hole toe.
This study also attempted to find the access hole geometry that has the least plastic strain demand in the beam flange near the access hole toe. Six models having six different access hole geometries were considered as shown in Figure 7 . At a drift ratio of 3%, the PEEQ index was estimated using Equation 4 for each specimen. The PEEQ index was also used in Mao et al. (2001) .
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 4 ; 4 1 ; 3 8 9 PEEQ Index ¼ PEEQ∕ε y (4) Figure 9 . von Mises stress distribution at the access hole region at 3% drift ratio. where PEEQ is the effective plastic strain, and ε y is the yield strain. The PEEQ can be calculated using Equation 5:
where ε p ij is the plastic strain of global coordinates, ði; jÞ. Specimen D900-SP21-L111 had the largest PEEQ index among the six models. Figure 10 shows the maximum value of the PEEQ index of each specimen, normalized by that of specimen D900-SP21-L111. Specimen D900-SP13-L74, which had an access hole slope of 13°a nd a total length of 74 mm, had the smallest PEEQ index among the specimens.
EXPERIMENTAL TEST FOR WUF-W CONNECTION WITH AN IMPROVED ACCESS HOLE
In this study, experimental tests were conducted for two reasons: (1) to confirm that the brittle beam flange fracture observed in specimen D900-S [15] was mainly due to the access hole geometry, and (2) to verify whether specimen D900-SP13-L74 with the improved access hole geometry had the satisfactory performance required for SMF connections. Note that the access hole geometries of specimens D900-S (renamed D900-SP21-L69 hereafter) and D900-S-SP13-L74 satisfied the requirements for the SMF connection specified in AISC 358-10 and AISC 341-10. Both specimens were identical except for the access hole geometry. Tests were conducted using the same test setting (Figure 2 ) and loading history (Figure 3 ) used for D900-SP21-L69. The access hole geometries of both specimens are summarized in Table 3 .
The stress-strain curves for specimen D900-S-SP13-L74 obtained from coupon tests are plotted in Figure 4 . From the stress strain curves, the mechanical properties of steel material used for the specimen is summarized in Table 1 . From the test results, it was shown that the Figure 10 . Maximum normalized PEEQ index at the critical location at 3% drift ratio.
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steel materials, SS 400 and SM 490, used in this experiment satisfied the requirement for the steel material of SMF members specified in ANSI/AISC 341-10.
To detect the yielding process in the critical regions of the connection, the specimen was white washed before the experiment. Linear variable differential transformers and strain gauges were placed in the connection specimen according to Ricles et al. (2002) . Figure 11 shows the hysteretic curves of D900-SP13-L74, representing the relationship between the drift ratio (θ) and beam end moment at the column face normalized by the beam plastic moment (M p ). Table 4 summarizes the important values extracted from the hysteretic curves. Figure 12 shows the deformed WUF-W connection specimens at different loading stages. Specimen D900-SP21-L69 first experienced yielding in the beam flanges near the column flange at drift ratios of 0.5% (Figure 12a) . At a drift ratio of 3%, beam flange local buckling was detected in D900-SP21-L69 (Figure 12b ), but noticeable strength deterioration was not observed in this specimen due to the local buckling (Figure 12b ). During the first loading cycle at a drift ratio of 4%, significant local buckling occurred in the bottom flange of the beam, and the strength sharply dropped ( Figure 12c) ; this was followed by a sudden fracture of the beam bottom flange at the access hole toe (Figure 12d ).
HYSTERETIC BEHAVIORS
In specimen D900-SP13-L74, the first yielding was detected in the top beam flange and the beam near the column flange at drift ratios of 0.75% (Figure 12e ) and 1.5%, respectively. At a drift ratio of 3%, beam flange local buckling was first detected in the beam flange of the beam (Figure 12f) . After a drift ratio of 3%, the connection strength deteriorated due to significant local buckling in the beam flange. At drift ratios of 4% and 5%, the connection strength decreased to 87% and 64% of the beam plastic moment (M p ), respectively (Figure 12g and 12h) . The experiment was terminated at a drift ratio of 5% because of the safety of the lateral supports placed for the specimen.
EFFECT OF ACCESS HOLE GEOMETRY
Specimen D900-SP21-L69 (Han et al. 2014) had total drift and plastic drift ratios of 3% and 1.9%, respectively, which did not satisfy the requirement for the SMF connection specified in AISC-358-10. On the other hand, specimen D900-SP13-L74, which had an improved access hole geometry, produced total and plastic drift ratios of 5% and 4.5%, respectively; at a drift ratio of 4%, the connection strength was reduced to 87% of its maximum strength (M max ), which satisfied the SMF connection requirements specified in AISC341-10. Considering that both specimens were identical in dimension, member sections, material properties, and the fabrication process except for access hole geometry, the difference in connection performance between the two specimens was mainly induced by the access hole geometry. This observation confirmed the results of FEA in the previous sections.
To investigate the effect of access hole geometry on the strain demands in the beam flanges, this study compared strains in the beam top flanges of specimens D900-SP21-L69 and D900-SP13-L74 at a drift ratio of 4%. The strains were measured by strain gauges placed at 50 mm from the column face and were plotted in Figure 13 . Based on the experimental results, the strain in specimen D900-SP13-L74 was 18-43% smaller than that in specimen D900-SP21-L69. As shown in Figure 13 , even though strain results obtained from FEA were somewhat larger than those obtained from experiments, strains in specimen S. W. HAN, J. JUNG, AND S. J. HA D900-SP13-L74 was 15-40% smaller than those in specimen D900-SP21-L69. This indicates that a specimen having the improved access hole geometry had less potential for brittle beam flange fracture.
ENVELOP CURVES AND CUMULATIVE DISSIPATED ENERGY
The envelope curves are plotted in Figure 14a for specimens D900-SP21-L69 and D900-SP13-L74, which represent the relationship between the drift ratio and beam moment at the column face. These specimens had identical elastic curves. After a drift ratio of 1%, the strength of both specimens deteriorated. The post yield stiffness of specimen D900-SP21-L69 was larger than that of specimen D900-SP13-L74.
The strength of specimens D900-SP21-L69 and D900-SP13-L74 increased up to a drift ratio of 3% and 2%, respectively, and their maximum strengths were 3,930 kN·m (¼1.44) and 3,630 kN·m (¼1.34), respectively. Specimen D900-SP21-L69 failed due to the beam flange fracture without completing one cycle at a drift ratio of 4% (Figure 11a ), while specimen D900-SP13-L74 did not experience failure until reaching a drift ratio of 5%.
The dissipated cumulative energy of specimens D900-SP21-L69 and D900-SP13-L74 was calculated, and was plotted with respect to drift ratios in Figure 14b . Until a drift ratio of 3%, both specimens dissipated almost the same amount of energy. The total cumulative energy of specimens D900-SP13-L74 (¼1;900 kJ) is twice that of specimen D900-SP21-L69 (¼900 kJ). This was quite an obvious result because specimen D900-SP21-L69 failed in a much earlier loading stage compared with D900-SP13-L74. Considering that specimen D900-SP13-L74 is identical to D900-SP21-L69 except for the access hole geometry, the energy dissipation capacity of WUF-W connections can be significantly enhanced by using an improved access hole geometry. 
CONCLUSION
This study conducted FEA to investigate the cause of brittle failure of pre-qualified WUF-W connections designed and detailed according to AISC 358-10 and AISC 341-10 in order to propose an improved access hole geometry. To verify the FEA results, experimental tests were conducted using the connection specimen with improved access hole geometry. Based on the analytical and experimental results, the following conclusions and recommendations were made:
Based on the FEA results of the WUF-W connections, the cause of the fractured WUF-W specimen (D900-SP21-L69) was attributed to the access hole geometry. 2. From FEA, it was observed that the location of local buckling in the beam flange of WUF-W connections did not vary according to the different geometries of the access holes. When the access hole toe coincided with the location of beam flange local buckling, the maximum stress in the beam flange was sharply increased, which was suspected to have caused the brittle beam flange fracture in the early loading stage. 3. After conducting the FEA for WUF-W connection specimens with six different access hole geometries, the PEEQ indices were compared. The specimen with an access hole slope (SP) of 13°and a total length (L) of 74 mm had the smallest PEEQ index among the six specimens. 4. To verify the improvement in the hysteretic behavior according to the change in the access hole geometry of WUF-W connection specimens, an experimental test was conducted using specimen D900-SP13-L74, which was identical to specimen D900-SP21-L69 except for the access hole geometry. Specimen D900-SP13-L74 had total and plastic drift capacities of 5% and 4.4%, respectively, which satisfied the requirement for the SMF connection specified in AISC 358-10. By using the improved access hole geometry, the strain in the beam flange near the access hole was reduced as much as 43%. 5. Specimen D900-SP13-L74, with the improved access hole geometry, had an energy dissipation capacity twice that of specimen D900-SP21-L69. 6. Based on the analytical and experimental studies, some WUF-W connections with an access hole geometry determined using the configuration parameters within the ranges permitted by AISC 358-10 may not guarantee the satisfactory performance required for SMF connections. The proper ranges of the configuration parameters need to be proposed for the weld access holes of WUF-W connections in future research.
